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Amimoeoumarins  are  widely  used  in  dye  lasers  for  the  blue-green 
region^  despite  problems  of  photodegradation*  whioh  reduee  service  life  and 
lasing  efficiency,  A  number  of  reports  have  recently  appeared  involving 
the  characteristics  of  dye  solutions  under  conditions  of  flash-lamp 
pumping4  and  the  effects  of  additives  which  inhibit  photodegradation,*  We 
have  investigated  the  mechanism  of  dye  photodecomposition  and  wish  to 
report  here  a  number  of  unusual  characteristics  for  three  representative 
dyes*4  In  particular*  the  self-quenching  of  dye  singlets  remains  deleteri¬ 
ous  despite  the  typically  short  singlet  lifetimes  and  moderate  dye 
concentrations*  In  addition*  triplet  photochemistry  appears  to  be  unimpor- 
tant  for  direct  photolysis  of  the  coumarins* 9  and  a  well  known  electron 
transfer  path  involving  tertiary  amine  moieties*  which  might  have  served  as 
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a  aodil  for  photodecoaposition#  is  likewise  unsuitable. 

Lengthy  irradiation  of  conaarina  i-£  leaps#  Fjrrex  filter#  argon 
purged  solutions)  results  in  loss  of  dye  which  can  be  followed  speetropho- 
toaetrically.  The  filmy  deposit  which  results  is  not  readily 
characterised;  nar  analysis  of  the  progress  of  photolysis  siaply  shows  dye 
disappearance*  For  structures  £  and  2*  gas  chroaatograas  (2  a  10%  0V-101 
coluan#  2004)  reweal  saall  aaounts  of  at  least  two  products  which  grow  to 
very  modest  levels  (generally  <  1%)  and  finally  disappear.  The  mono* 
dealkylated  couaarins  4^*  and  £  es  well  as  products  of  bis-dealkylation 
could  be  identified  by  coaparison  with  authentic  saaples.  Another  product 
originating  from  £  could  not  be  isolated  but  was  identified  by  glc-as  ana* 
lysis  as  the  reduced  species  Photodecoaposition#  including  formation 
of  ±  and  £#  was  observed  in  a  variety  of  solvents  including  acetonitrile# 
toluene#  chloroform#  and  cyclohexane.  Comparable  efficiencies  were  gener~ 
ally  observed;  degradation  was  somewhat  enhanced  in  chi or of ora  but  retarded 
in  alcohols. 

The  triplet  of  £  can  be  observed  as  an  absorbing  transient  by  flash 
photolysis.***  Addition  of  trans-st ilbeno  (0.06  M)  serves  to  effectively 
quenoh  this  triplet  but  does  not  inhibit  the  photodecoaposition  of  £  to  £ 
and  i«  The  triplet  was  observed  (xenon  flash  leap#  pulse  duration  *  oa.  30 
M  FfflM#  argon  purge#  ■  62S  sa  ***)  to  undergo  first  order  decay  in 
acetonitrile  whioh  is  dependent  on  [£J .  The  triplet  self  quenching  data 
revealed  a  uniaoleeular  decay  constant  of  2.4  x  10*s~*  and  a  concentration 
quenching  constant#  k  •  1.3  x  10*  IfV1,  similar  to  the  behavior  of  the 
triplet  state  of  Miehler’s  ketone  (k  ■  1.23  x  10*  | TV1  in  bonxoue  ).**•** 
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Anticipating  a  bimolecular  singlet  reaction*  finer essence  quantum 
yields  wsrs  atuurid  ss  s  fraction  of  dye  concentration  using  the 
front- face  illumination  technique.  Emission  quenching  vas  indeed  readily 
observed  in  a  relatively  high  concentration  range  (0.01-0*25  M)  and  ana¬ 
lysed  according  to  the  model  shown  below  (Scheme),  and  the  relationships 
among  flnorescenoe  yield  (Of),  photoreaction  yield  (0r),  and  dye  concentra¬ 
tion  whioh  are  readily  derived.  Values  for  the  sum  of  self- quenching 
constants,  kc^  and  were  calculated  from  the  slopes  of  reciprocal  quantum 
yield  -  concentration  plots,  and  are  shown  in  the  Table  along  with  fluores¬ 
cence  yield  and  lifetime  data  obtained  for  very  dilute  dye  solutions  (1 
10~4  M)/1  The  trends  in  rate  of  total  self- quenching  (kQ^  +  kr)  are  modest 
but  suggest  a  more  favorable  interaction  between  ground  and  excited  state 
for  dyes  which  support  a  larger  dipole  moment  (£  and  2  over  J). 
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The  photodegradation  mechanism  involving  singlet  self- qua  nohing  was 
fortified  by  measurement  of  the  profile  of  quantum  yield  for  conversion  J 
4  at  a  function  of  (11  measured  at  very  low  conversion  (  £  0.01%),  A  dou¬ 
ble  reciprocal  plot  provided  an  alternative  source  or  the  sum#  k0^  +  kr  - 
7.8  x  10*  M~*s~*,  a  value  in  reasonable  agreement*  with  the  figure  obtained 
for  fluorescence  quenching  in  acetonitrile  (Table).  The  limiting  quantum 
yield  (kr/kr  +  kc^)  for  formation  of  £  was  3  x  10“4  indicating  that  the 
dominant  result  of  self  quenching  is  return  to  ground  state  dye. 

A  reasonable  mechanism  which  follows  for  dealkylation  in  polar  media 
finds  analogy  in  the  bimolecular  photochemistry  of  tertiary  amine  func¬ 
tions.**  The  steps  would  include  for  the  present  dyes  electron  transfer 
self-quenching#  proton  transfer  leading  to  free  a-aminoalkyl  radicals 
(c.g.»  7)  which  lose  a  second  electron#  followed  by  hydrolysis  of  a  result¬ 
ing  iminium  or  enamine  function.  The  data  for  i  and  £  do  not  support  such 
a  meohanistic  route  for  amine  fragmentation.  Added  water  does  not  alter 
significantly  the  course  of  phototolysis  in  acetonitrile  (indeed#  dealkyla¬ 
tion  occurs  in  all  media)#  and  acetaldehyde  (expected  from  iminium 
hydrolysis***)  was  not  observed  as  a  byproduct.**  Dealkylation  is  in  fact 
inhibited  with  added  methyl  viologen  (MV1*#  3*0mM)  a  well  known  electron 
transfer  quencher#**  even  though  flash  photolysis  of  1  (0.02  mil)  and  MV1* 
in  argon-purged  water  results  in  formation  of  the  reduced  viologen  radical 
^^max  *  395  and  <00  am#  half  life  ■  a  few  milliseconds).  In  addition# 
elcotrooxidation  of  1-|.  is  reversible  in  acetonitrile#*^  suggesting  that 
successive  electron  and  proton  transfer  processes  which  irreversibly  des¬ 
troy  the  dyes  are  not  efficient  processes. 


We  favor  a  mechanism  involving  radicals,  2  Mid  £  as  suggested  by  voa 
Trebra  and  Koch.**  The  origin  of  these  speeies  is  a  relatively  slow  and 
inefficient  hydrogen  atom  transfer  step, occurring  within  a  singlet 
excimer  intermediate  obtained  on  dye  self  quenohing.  Seduction  product  £ 
results  from  disproportionation  of  8,  while  2  is  permitted  to  participate 
in  dealkylation  or  the  induction  of  polymerisation.  Free  radicals  are  not 
readily  observed  due  to  fast  in-oage  reaction  of  singlet  radical  pairs 
(most  returning  to  native  dye)  which  may  include  coupling  to  form  aminol 
derivatives  capable  of  rearrangement  finally  leading  to  dealkylation  and 
other  products.1^ 


Acknowledgements.  Support  of  this  research  by  the  Office  of  Naval  Research 
is  gratefully  acknowledged.  We  also  thank  Dr.  W.  R.  Jackson  and  C.  Choi 
for  technical  assistance  and  Professor  N.  Z.  Hoffman  for  the  use  of  flash 


photolysis  equipment,  and  the  N.I.T.  Mass  Spectrometry  Facility  (supported 
by  the  NIH  Division  of  Research  Resources). 


p«g«  7 


Reforeaces 

1.  On  sabbatical  leave  froa  Ithaca  College,  Ithaca,  New  York. 

2.  a.  I.I.  Drexhage  ia  "Dye  Lasers,"  Topics  ia  Applied  Physics,  voi. 

1,  F.P.  Schafer,  ed.,  Spriagor-Verlag,  Nev  York,  1977;  b. 

Pavlopoalos,  T.G, ;  Haaaoad,  P.R.  A».  Chea.  Soc.,1974.  96,  6568. 

3.  a.  Viators,  B.H.;  Maadelberg,  H.I.;  Mohr,  W.B. ;  Aaal.  Phvs.  Lett.. 

1974.  25.*  723;  b.  Mostovaikov,  V.A. ;  Rnbiaov,  A.N. ;  Giaevich,  G.R. , 

Aaafrik,  S.S. ;  Abraaov  A.P.  Soy.  J,  Qaaat. Elect..  1976.  6 ,  1126. 

4.  Fletcher,  A.N.;  Knips,  R.R.;  Pietrak,  M.E.  Aaal.  Phvs. .  1982.  B27. 

93  aad  ref  cited  thereia. 

5.  a.  voa  Trebra,  R.J.;  Koch,  T.B.  Aaal.  Phvs.  Lett. .  1983 .  42.  129; 

b.  voa  Trebra,  R.J.;  Koch,  T.H.  Chea.  Phys.  Lett.,  1982,  93,  315. 

6.  For  previoas  papers  ia  this  series,  see  a.  Joaes,  G.  II;  Jaeksoa, 

V.R.;  Halpera,  A.M.  Chea.  Phvs.  Lett..  1980.  72.  391;  b.  Joaes, 

G. ,  II;  Jaeksoa,  W.R. ;  Eaaoktaaapora,  S.;  Halpera,  A.M.  Optics 
Coaann. .  1980.  U,  315. 

7.  For  aa  ezaaple  of  rhodaaiae  laser  dye  photooheaistry  iavolviag  biao- 
leealar  triplet  reaetioa,  see  Korobov,  V.B.;  Shabia,  V.V.;  Chibisov, 
A.K.  Chea.  Phvs.  Lott..  1977.  ££,  498. 

8.  Major  as  peaks  for  f  were  as  follows:  a/e  *  233  (aol.  ioa),  218 

(~CHa),  190  ("*Clt,  -CO  or  CaH4),  148  (190  -  CHsC0).  A  prodaet  haviag 

a/e  ■  205  (aol.  ioa)  oorroapoadiag  to  hydrogeaated  £  was  also 


7 


p*l«  * 


observed  in  trace  saoonts. 

9.  The  foraation  of  trnee  products  as  dote rained  by  glc  analysis  dis¬ 
played  erratic  behavior  at  longer  irradiation  tines.  At  the  shortest 
tiaes  suitable  for  product  detection*  £  vas  favored  over  £  by  ca.  5:1 
whereas  this  ratio  was  nearly  reversed  at  interaediate  irradiation 
periods. 

10.  Deapster,  D.N. ;  Morrow,  T.;  Quinn,  M.F.;  J*  Photochea..  1973/74.  2, 

29. 

11.  Schuster,  D.A.;  Goldstein,  M.D. :  Bane,  P.  £*  Aa.  Chen.  Soc. . 
1977  .  22.,  187. 

12.  In  a  polar  aediua  the  yield  of  triplet  1  is  clearly  low  (est.  < 
0.004*®) .  Using  1,3-cyclohexadiene  as  a  triplet  counter.*^  we  obtain 
a  value  for  triplet  foraation  of  0.006  for  1  (ethanol)  and  <  0.001  for 
1  and  £. 

13.  a.  Laaola,  A.A.;  Baaaoud,  G.S.  J.  Chen.  Phvs.  1943.  43 .  2129.  b. 

For  discussion  of  oouaarin  triplet  yields,  see  also  Specht,  D.P.;  Mar- 
tic,  P.A.;  Farid,  S.  Tetrahedron  1982.  38.  1203. 

14.  a.  Cohen,  S.G.;  Parola,  A.;  Parsons,  Jr.,  G.fl.  Che a.  Rev. .  1973.  73. 

141.  b.  Lewis,  F.  D.;  Ho,  T.-I.;  Siapson,  J.  T.  ibid..  1982.  104. 
1924.  o.  DBpp,  Hoofer,  J.,  Tetrahedron  Lett..  1982.  1553,  and 

ref.  oited  therein. 

15.  Added  acetaldehyde  survived  irradiation  and  did  not  quench  dye  photo¬ 
lysis. 


I 


page  9 


16.  Kalyanasundaran.  I.  Coord.  Chen.  Rev..  1982.  159. 

17.  Oxidation  in  acetonitrile  gave  half  wave  potentials  of  1.09.  1.20*  and 
0.89  V  vs  SGE  (all  quasi-reversible  waves)  from  cyclic  vol tenantry. 
Reduction  values  were  -2.2.  -1.7.  and  -  1.8  V  (peak  potentials,  waves 
irreversible).  Using  singlet  energies  of  72.  64.  and  61  kcal/aol  for 

the  free  energy  change  for  dye  self  quenching  via  electron 
transfer  can  be  calculated  (AG  *  0  -  5  kcal/nol). 

18.  In-cage  successive  electron-proton  transfer  leading  to  7  and  8  cannot 
be  ruled  out  (note  energetics1^) . 

19.  a.  A  role  for  radicals  which  reach  bulk  solution  is  clearly  indicated 
by  the  inhibition  of  photolysis  by  thiols /sulfides  (including  incorpo¬ 
ration  of  isotopic  label  in  dye)5*  and  the  amine  DAB00.5b  However, 
sinoe  monomeric  or  even  dimeric  products  do  not  accumulate  appreci¬ 
ably.  the  exact  course  of  secondary  steps  is  difficult  to  determine. 
An  aminol  coupling  product  has  been  proposed  for  the  decomposition  of 
Michler's  ketone,  by  itself***  and  on  reaction  with  benzophenone.*1  and 
appearance  of  the  requisite  radicals  is  indicated  in  flash  photolysis 
results.11**1 

20.  Koch.  T.  H. ;  Jones.  A.  0.  £*  Am.  Chen.  Soc..  1970.  92.  7503. 

21.  famser.  C.C.;  Hammond.  G.S.;  Chang.  C.T.;  Baylor.  C. 
la  Afta  Chen.  Soc..  1970.  21#  6362. 

correction  for 

22.  Ve  thank  Dr.  A.N.  Fletcher  for  correspondence  concerning^  oxygen 

of  dye  fluorescence 

quenching  and  for  sending  results  prior  to  publication. 


I 


page  10 


Table.  Photophysical  Properties  and  Singlet  Self  Quenching 
Rate  Data  for  Couaarin  Dyesa 


Dye 

Solvent 

*■£  (nm) 

xf  (ns)b 

kcq  +  kr  (X  io-’iTV1) 

1 

CHCL, 

421 

1.01 

(3.1) 

1.1 

CH,CN 

434 

1.03 

3.4 

2.9 

CH,CfljOH 

451 

0.73 

3.1 

4.5 

2 

CHC1, 

466 

0.92 

(4.6) 

5.3 

CH,CN 

501 

0.064 

0.6 

3.3 

CHjCHjOH 

509 

0.078 

0.8 

14.7 

3 

CHC1, 

483 

0.80 

(5.4) 

3.5 

CHjCN 

521 

0.56 

5.6 

17. 

CHjCHjOH 

531 

0.38 

3.4 

6.9 

•Fluorescence  yield  apd  lifetime  data  for  acetonitrile  and  ethanol 
taken  from  ref  6 . 

^Lifetimes  in  chloroform  assumed  similar  to  values  measured  for  ethyl 
acetate  solvent  (ref  6). 
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PHOTODEGRADATION  OF  COUMARIN  LASER  DYES. 

AN  UNEXPECTED  SINGLET  SELF-QUENCHING  MECHANISM 

Gail  ford  Jones,  II,*  and  William  R.  Bergmark*1 
Department  of  Chemistry,  Boston  University,  Boston  MA  02215 

ABSTRACT 

The  photolysis  of  a  series  of  aminocoumarin  laser  dyes, including 
7-diethylamino-4-aethylcoumarin  (1),  has  been  investigated.  Dealkylation 
of  groups  at  the  7-dialkyl amino  functionality,  reduction  of  the  lactone 
moiety  and  overall  photodecomposition  of  dyes  have  been  observed. 
Concentration  quenching  of  dye  fluorescence  is  important  at  concentrations 
above  0.01  M.  The  concentration  dependence  of  photoreduction  is  shown  to 
be  consistent  with  a  singlet  self- quenching  mechanism.  Dye  photodegrada¬ 
tion  is  not  quenched  on  addition  of  trans  stilbene,  although  the  latter  is 
an  effective  quencher  of  the  triplet  of  1.  Intersystem  crossing  yields  for 
the  coumarin  dyes  are  very  low.  A  mechanism  for  dye  photodegradation  i« 
proposed  involving  singled  self- quenching,  net  hydrogen  atom  transfer 
between  dye  molecules,  followed  by  disproportionation  and  coupling  of  radi¬ 
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